Hybrid precoding (HP) techniques based on partially connected structure (PCS) are widely studied in millimeter-wave (mmWave) MIMO communication systems due to low hardware cost as well as low energy consumption. Many efficient HP schemes based on PCS have recently been proposed, which require that the baseband precoding (BP) matrix of the digital domain to be a diagonal or square matrix. To avoid the interference from multiple streams of a single-user, the number of data streams for a singleuser should not exceed the rank of the equivalent baseband MIMO channel (EBMC) before BP. Hence, these schemes are only reliable to the case that the EBMC matrix is full rank. However, the EBMC matrix may be rank-deficient due to the geometrical change and misplacement of the transceiver in practice. In this paper, we focus on the HP with PCS and propose a family of effective iterative matrix factorization (IMF) algorithms for HP designs, which are suitable for rank-deficient EBMC. We firstly propose an IMF-HP algorithm based on traditional design, which approximates the performance of the fully digital precoder by utilizing an alternate optimization strategy. In particular, we present a successive interference cancelation combined with IMF for HP design (SiC-IMF-HP) to further achieve higher throughput and lower complexity. Simulation results show that the proposed SiC-IMF-HP algorithm performs better than other recently proposed hybrid precoding schemes based on PCS when the number of data streams equals to the number of RF chains. The proposed algorithms both enjoy an acceptable computational complexity.
I. INTRODUCTION
With the demand for high-data-rate wireless communication traffic continuing to expand and increase, we require that the capacity of wireless networks must increase exponentially. However, due to the congestion problem of available spectrum bands in the current wireless communication systems, the effect of improving spectrum efficiency through physical layer technology (e.g., massive MIMO, interference coordination, and network densification [1] - [3] ) has become minimal. As a result, exploring the underutilized spectrum schemes can naturally be used to improve spectral efficiency to take full advantage of the potential of large-scale antenna arrays.
In classical MIMO systems, a full digital precoding (FDP) scheme is exploited to adjust the phase and amplitude of signals at baseband. Due to the requirement that each antenna element must be connected to a dedicated radio frequency (RF) chain in the FDP scheme, the precoding of massive MIMO systems requires the same number of RF chains as the number of antennas in large arrays. Thus, the FDP scheme is not a good option for the precoding of mmWave massive MIMO systems because it requires too many RF chains, which leads to a high cost and energy consumption. To solve this problem, hybrid precoding (HP) architectures consisting of both baseband and analog precoding have recently been studied [11] - [19] , which reduce the requirement for the number of RF chains by digital beamforming and remedy the defect of constant modulus constraint for the elements in analog beamforming [20] , [21] .
Generally, two common HP architectures including fully connected and partially connected structures are adopted in existing works. For the fully connected structure (FCS) of HP, each RF chain is connected to all the antennas, i.e., each RF chain needs to drive all transmitting antennas. Omar El Ayach et al. [11] proposed an orthogonal matching pursuit (OMP) algorithm based on FCS of HP that simultaneously solved analog beamforming and digital beamforming. Ni et al. [12] designed the RF and baseband precoders/combiners of HP based on FCS via solving a non-convex matrix decomposition problem. Rajashekar and Hanzo [13] presented an iterative matrix decomposition based on hybrid beamforming scheme which obtained the same spectral efficiency as that of the FDP. Nevertheless, the signal of each antenna in FCS is the summation of the different RF signals, which complicates the hardware implementation in the system and increases energy consumption. For the partially connected structure (PCS) of HP, each RF chain is only connected to one sub-antenna array, which can effectively reduce energy consumption and complexity of hardware implementation compared to the FCS. Xu et al. proposed two hybrid beamforming methods based on PCS by utilizing the alternating optimization principle, while the performance of their methods is far inferior to that of FDP [16] .
Recently, some efficient HP schemes based on PCS have been proposed [17] - [19] . Dai et al. proposed near-optimal iterative HP schemes based on PCS, which assumed baseband precoding (BP) matrices to be diagonal matrices [17] , [18] . Li et al. [19] adopted a hierarchical idea and proposed an efficient HP design scheme for high SNR conditions based on PCS, which required the BP matrix of the digital domain to be a square matrix. To avoid the interference from multiple streams of a single-user, the number of data streams for a single-user may be a number that does not exceed the rank of the equivalent baseband MIMO channel (EBMC). Hence, these schemes that demand their baseband precoding matrices to be diagonal or square matrices are only reliable to the case that the EBMC matrix is full rank before baseband precoding (BP). However, it is difficult to obtain the knowledge of the exact geometrical placement of transceiver and to adjust the antenna spacing dynamically, leading to the sensitivity of mmWave MIMO systems to the geometrical change and misplacement in practice. Thus, in the mmWave MIMO propagation environment with finite scatterers, the EBMC matrix may be rank-deficient [22] .
In this paper, we focus on the HP with PCS and propose a family of effective iterative matrix factorization (IMF) algorithms for practical HP designs, which are suitable for rank-deficient EBMC. For each of the schemes, we firstly decompose the original optimization problems into a series of individual simple item optimization problems, and then utilize an alternate optimization strategy to solve the individual item optimization problems. The major contributions are summarized as follows: 1) We propose an IMF-HP algorithm based on traditional design, which approximates the performance of the fully digital precoder by utilizing an alternate optimization strategy. 2) We present a successive interference cancelation combined with IMF for HP design (SiC-IMF-HP), which has higher throughput and lower complexity.
The rest of the paper is organized as follows. In Section II, the system model and channel model are briefly introduced. Section III specifies the hybrid precoding design schemes for the single user mmWave channel. The simulation results of the achievable rates for different HP designs are illustrated in Section IV. Finally, conclusions are drawn in Section V.
Notation: We use uppercase and lowercase boldface letters to denote matrices and vectors, respectively. A H , A −1 , A F and |A| denote the conjugate transpose, inversion, Frobenius norm and determinant of matrix A, respectively. a 2 is the 2-norm of vector a, and angle (a) is the corresponding phase of each element of vector a. E[·] denotes the expectation. (·) † denotes the Moore-Penrose pseudo-inverse. a * denotes the conjugate complex number of a. Finally, I N denotes the N × N identity matrix, and 0 M ×N denotes the M × N all-zero matrix.
II. SYSTEM MODEL
In this section, we present the point-to-point massive MIMO system model and channel model considered in this paper.
A. SYSTEM MODEL
Consider a single-user mmWave massive MIMO system with the PCS as shown in Fig. 1 , where the base station (BS) is equipped with N t antennas and N RF independent RF chains. The BS is driven by N RF RF chains to transmit N s data streams, where each RF chain is connected to one subantenna array which contains M (N t = M N RF ) transmitting antennas, respectively. To ensure multi-stream communication, the number of data streams must satisfy N s ≤ N RF at the transmitter. The transmitted symbol vector s = [s 1 , . . . , s N s ] T with E ss H = 1 N s I N s is firstly precoded by an N RF × N s baseband precoder F BB , followed by an N t × N RF analog precoder F RF , and thus the transmitted signal can be written as x = F RF F BB s. Generally, the received signal at mobile station (MS) can be presented as
where y = [y 1 , . . . , y N r ] T represents the N r × 1 received signal vector and N r is the number of antennas at MS, ρ is the average received power, H is the N r × N t channel matrix, which is normalized to satisfy E H 2 F = N t N r , and n = [n 1 , . . . , n N r ] T is the N r × 1 noise vector, whose elements follow the distribution i.i.d CN (0, σ 2 ).
There are two constraints needed to be considered for the PCS-HP system model. One is the total transmit power constraint, which is presented as
The other is the analog precoder F RF constraint at BS, which is given by
where v n ∈ C M ×1 , n = 1, 2, . . . , N RF . Due to the hardware constraint on the analog precoder, the nonzero elements of each column of F RF have same amplitude which satisfies v n (m) = 1 √ N t e jθ n (m) , ∀n, m,
where θ n (k) corresponds to the phase of the m th entry in vector v n . We assume that the transmitter and receiver have perfect channel state information of H, and the receiver can perform ideal decoding of the received signal y. Therefore, the instantaneous spectrum efficiency achieved can simplify to the channel's mutual information when the transmitted symbols follow a Gaussian distribution, which is given by
where F ∈ C N t ×N s represents the overall hybrid precoding matrix at BS. According to (1) in Section II, the overall hybrid precoding matrix can be expressed as F = F RF F BB .
B. CHANNEL MODEL
In this paper, we adopt a clustered channel model, which is often used in mmWave channels with limited sparse scattering characteristics, i.e., the extended Saleh-Valenzudela model [11] , [12] , [22] , [23] . The normalized channel matrix H can be written as
where L is the total number of channel paths between BS and MS with each scatterer contributing one propagation path. β l ∼CN 0, σ 2 l denotes the complex gain of the l th path. ψ l and ϕ l represent the azimuth angles of arrival and departure (AoAs and AoDs) of the l th path, respectively. a r (ψ) and a t (ϕ) represent the receive and transmit array response vectors, respectively. In this paper, we choose the uniform linear arrays (ULAs) in simulations, and the array response vector can be written as
where d is the antenna element spacing, λ is the wavelength of the carrier signal.
III. HYBRID PRECODING DESIGN FOR THE SINGLE USER MMWAVE CHANNEL
In this paper, we focus on the HP with PCS and propose a family of effective iterative matrix factorization (IMF) algorithms for HP designs, which do not restrict BP matrix to a diagonal or square matrix to guarantee a reliable communication. For each of the schemes, we firstly decompose the original optimization problems into a series of individual simple item optimization problems, and then utilize an alternate optimization strategy to solve the individual item optimization problems.
A. HYBRID PRECODERS DESIGN BASED ON TRADITIONAL DESIGN 1) ANALYSIS OF THE TRADITIONAL BASEBAND MATRIX BASED HYBRID PRECODING
We firstly consider to design the baseband precoder F BB with traditional case, which is suitable for the rank-deficient EBMC, i.e., the number of columns and rows of F BB satisfies N s ≤ N RF . Thus, the structure of F BB can be depicted as
Assuming that w n denotes the n th column vector of F H BB , we have F BB = w 1 , w 2 , · · · , w N RF H . Therefore, the overall hybrid precoding matrix F can be expressed as
where v n w H n ∈ C M ×N s is the n th block matrix of F. Moreover, there are three constraints for the overall precoder F:
Constraint 1: The elements of each column vector in the block matrix v n w H n have same amplitude which is determined by the product corresponding elements in v n and w n .
Constraint 3:
The overall precoding matrix is normalized by F 2 F = N s to enforce the total transmit power constraint. According to the analysis of [11] , it has shown that the problem of maximizing mutual information was equivalent to minimizing F opt − F RF F BB 2 F when optimizing (F RF , F BB ), where the matrix product F RF F BB can only be made sufficiently ''close'' to F opt . Therefore, the design of hybrid precoders can be accomplished through reformulating the problem (5) as
where A denotes the set of all possible matrices satisfying the three constraints given in this subsection, F opt is comprised of the first N s columns of V, which is the right singular vectors of the singular value decomposition (SVD) of the channel matrix H, i.e., H = U V H . To solve the problem (11), we first temporarily remove the Constraint 3 on the total transmit power which will eventually be satisfied in step 12 of the IMF-HP Algorithm below. Therefore, the optimization problem (11) can be simplified to
whereÃ denotes the set of all feasible matrices satisfying the Constraint 1 and Constraint 2 given in this subsection.
Combining the structure of matrix F shown in (10), we can make the derivation on the objective function in (12) as follows
where J n ∈ C M ×N s denotes the n th block matrix of F opt . Substituting (13) into the objective function of problem (12) , it can be found that the constraint on the block diagonal matrix structure of F RF shown in (3) disappears. Then, (12) can be reformulated as
From (14), we can observe that the individual items
in the objective function are independent of each other. Thus, the optimization problem (14) can be decomposed a series of individual item optimization problems, which can be optimized one by one, i.e.,
In this subsection, we propose to use an alternate optimization strategy to solve the individual item optimization problem of (15) , which can be achieved through iterative procedures. For the optimization problem at hand, each iterative is performed in two steps: 1) fix the parameter v n and minimize the objective function in (15) with respect to w n ; and 2) fix the parameter w n and minimize the objective function in (15) with respect to w n . Assuming the initial v 
and its closed-form solution is given by
In turn, when w (k) n is given, we update v (k+1) n by solving the problem which is expressed as
We can further recast the objective function in (18) as
where
n . Due to the constraint (4) that each element in vector v n has the same amplitude, (19) can been rewritten as
where θ n is the vector containing the phases of the entries of v n . By adopting (20) as the objective function, the optimization problem (18) can be reformulated as
There exists a closed-form expression for θ (k+1) n , which can be expressed as
Therefore, each element of v n and w n can be obtained by the proposed alternate optimization strategy. The details of the optimization process are given in the Algorithm 1 below. Simulation results in Section IV show that our proposed IMF-HP algorithm outperforms the existing algorithms based on the PCS when the number of data streams is small. However, when the number of data streams is close to the number of RF chains, the performance of this proposed algorithm is not significantly improved compared to the existing algorithms due to the limitation of constraint 2 in this section.
B. HYBRID PRECODERS DESIGN WITH A RELIABLE SUCCESSIVE INTERFERENCE CANCELATION TECHNIQUE 1) ANALYSIS OF THE SPARSE BASEBAND MATRIX BASED HYBRID PRECODING
In order to eliminate the constraint 2 described in section III-A, we propose a reliable successive interference cancelation combined with IMF for HP to further achieve Algorithm 1 Iterative Matrix Factorization Hybrid Precoding (IMF-HP) Based on Traditional Design Require: H, M , N RF , iterations Initialization: F RF = 0 N t ×N RF , F BB = 0 N RF ×N s , F = 0 N t ×N s , k = 0; 1: H = U V H , F opt = V(:, 1 : N s ); 2: for n = 1 : N RF do 3: Obtain the corresponding J n according to (13); 4: Randomly generates an M × 1 phase vector θ n in the range of [0, 2π ]; 5: while k ≤ iterations do 6 :
θ n = angle J n w (k) n ; 9: end while 10: Adding v n and w n to F RF and F BB according to (3) and (9), respectively; 11: end for 12 
higher throughput. Here, we design the BP matrix as a sparse matrix which is suitable for the rank-deficient EBMC, i.e., the number of columns and rows of F BB satisfies N s ≤ N RF . Thus, F BB is given as
where w n,i denotes the entry on the n th row and i th column of F BB (i is equal to the remainder of n divided by N s . When the remainder is zero, we turn i = 0 into i = N s ). When N s = N RF , the baseband matrix F BB is a diagonal matrix. When N s < N RF , the structure of matrix F BB becomes a cyclical pattern as shown in (23) . Therefore, the overall hybrid precoding matrix F can be expressed as
where f n = v n w n,i is an M × 1 vector, which represents the hybrid precoding on the n th sub-antenna array. Moreover, there are three constraints for the overall precoder F:
Constraint 1: F is consisted of N RF vectors f n and zero elements. If N s = N t M , F is a block diagonal matrix. If N s < N t M , the structure of matrix F becomes a cyclical pattern as shown in (24).
Constraint 2: The elements of each vector f n in F have same amplitude which determined by the product of corresponding elements in matrices F RF and F BB .
Constraint 3: The overall precoding matrix is normalized by F 2 F = N s to enforce the total transmit power constraint. However, the constraints on F make it difficult to solve the optimization problem of maximizing the channel's mutual information in (5) . By observing the structure of hybrid precoding matrix F on overall antenna array in (24), we find that the hybrid precoding vectors f on different sub-antenna array are independent from each other. For this reason, we propose to resolve the channel's mutual information into N RF individual mutual information optimization problems.
We first derive the contribution of each vector f to the mutual information. Assuming that the first n − 1 vectors f have been computed, we can obtain the matrix F n−1 which is an N t ×N s matrix composed of the n−1 vectors f and zero elements in accordance with the matrix structure of (24). F (1:t) n−1 ∈ C N t ×t denotes an matrix containing the first t columns of
where i represents the remainder of n divided by N s . When the remainder is zero, we turn i = 0 into i = N s . After adding the contribution of the n th vector f n , the mutual information R(F n ) achieved by the overall hybrid precoder F n can be written as
where W n−1 = I N r + ρ N s σ 2 HF ]. The first term log 2 (|W n−1 |) of (25) sharing the same form as (5) represents the contribution of the first n − 1 vectors f to the mutual information, and the second of (25) represents the contribution of the n th vector f n to the mutual information. From (25), we observe that the contribution of n th vector f n to the channel's mutual information is independent of the contribution of the remaining vectors. Therefore, the optimization problem of maximizing the channel's mutual information in (5) can be convert into N RF individual mutual information optimization problems, which can be optimized one by one. The n th individual mutual information optimization problem can be expressed as
where E n−1 = CH H W −1 n−1 HC H , and D denotes the set of all possible M × 1 vectors satisfying Constraint 2 and Constraint 3 given in this subsection.
Algorithm 2 Iterative Matrix Factorization Hybrid Precoding Combined With a Successive Interference Cancelation Technique (SiC-IMF-HP)
Require: H, M , N RF , iterations Initialization: F RF = 0 N t ×N RF , F BB = 0 N RF ×N s , F = 0 N t ×N s , k = 0; 1: for n = 1 : N RF do 2: Update matrices E n−1 : E n−1 = CH H W −1 n−1 HC H ; 3: f opt n ← The first right-singular vector of E n−1 ;
4:
Randomly generates an M × 1 phase vector θ n in the range of [0, 2π]; 5: while k ≤ iterations do 6 : Adding v n , w n,i and v n w n,i to F RF , F BB and F according to (3), (23) and (24), respectively; 11: end for 12: 
where δ = w n,i w * n,i . By adopting (30) as the objective function, the optimization problem (29) can be reformulated as max θ n Tr e −jθ H n f opt n w * n,i . There exists a closed-form expression for θ n , which can be expressed as θ n = angle f opt n w * n,i .
Therefore, each element of v n and w n,i can be obtained by the proposed alternate optimization strategy. The details of the optimization process are given in the Algorithm 2 below. Simulation results in Section IV show that our proposed SiC-IMF-HP algorithm apparently outperforms the existing algorithms based on PCS when the number of data streams equals to the number of RF chains.
C. COMPLEXITY ANALYSIS
In this subsection, we analyze the computational complexity of the proposed two hybrid precoding algorithms. For the IMF-HP algorithm, the complexity mainly comes from two parts:
1) The first part comes from the calculation of SVD of the N r × N t matrix H, and its complexity is O N 3 RF M 3 .
2) The second part is dominated by solving problem (15) to obtain the corresponding v n and w n . In each iteration, w
H n J n according to (17) , which requires 2M + M N s and 1 times of multiplications and division, respectively. While v n is obtained by (22) which requires M N s times of multiplications. Assuming the internal iterative algorithm converges in K iterations, this part totally involves K (2M + 2M N s ) and K times of multiplications and divisions.
3) We use the IMF-HP to obtain F RF and F BB , in this step we need to calculate N RF times of the second part.
To sum up, the proposed IMF-HP algorithm approximately requires O N 3 RF M 3 + K N RF (2M + 2M N s ) times of multiplications and K times of divisions. In additon, the recently proposed scheme-1 in [19] 
times of multiplications. The proposed IMF-HP algorithm enjoys a comparable complexity with the scheme-1 in [19] . For the SiC-IMF-HP algorithm, the complexity mainly comes from three parts:
1) The first part comes from the calculation of SVD of the M × M matrix E n−1 , and its complexity is O M 3 .
2) The second part is dominated by solving problem (28) to obtain the corresponding v n and w n,i . In each iteration, w
which requires 3M and 1 times of multiplications and division, respectively. While v n is obtained by (31) which requires M times of multiplications. Assuming the internal iterative algorithm converges in K iterations, this part totally involves 4KM times of multiplications and K times of divisions. 3) We use the IMF-HP to obtain F RF and F BB , in this step we need to calculate N RF times of the second part.
To sum up, the proposed SiC-IMF-HP algorithm approximately requires O M 3 + 4K N RF M times of multiplications and K times of divisions. Compared to the existing scheme-1 in [19] , it is obvious that the computational complexity is decreased by the proposed SiC-IMF-HP algorithm. In addition, the scheme-2 in [19] requires O N 3 RF M 2 N r + N 3 r + NM N r times of multiplications. The proposed SiC-IMF-HP algorithm enjoys a comparable complexity with the scheme-2 in [19] .
IV. SMULATION RESULTS
In this section, we present simulation results of the achievable rate to demonstrate the performance of the proposed hybrid precoding algorithms presented in Section III.
Simulation parameters: We adopt the extended Saleh-Valenzuela channel model described in Section II to generate the channel matrix. The number of channel paths L between BS and MS is set as 6. Both the BS and MS antenna arrays employ ULAs with antenna spacing d = λ 2. The AoAs and AoDs follow the uniform distribution within [0, 2π ]. In addition, the maximum number of iterations for both of our proposed algorithms is set as 4. Finally, SNR is defined as ρ σ 2 . We first consider a single-user mmWave massive MIMO system having perfect channel state information (CSI), where N t × N r = 128 × 32 and N s = 1, 2 and 4 data streams are transmitted through 4 RF chains respectively. Fig. 2 shows the achievable rate comparison between the SVD decomposition algorithm in the full digital precoding system and our proposed two hybrid precoding algorithms in the PCS-HP system. For the IMF-HP algorithm, we can observe that it performs well when the number of data streams is small (e.g., the IMF-HP algorithm can achieve almost the same rate as that achieved by the full digital precoding algorithm in the case of N s = 1), but it performs poorly when the number of transmitted data streams equals to the number of RF chains. This is because it is difficult to satisfy the constraint 2 in Section III -A by using the alternate optimization algorithm when the number of data streams is very large. For the SiC-IMF-HP algorithm, we can observe that it performs well when the number of data streams is close to the number of RF chains, this is because DP is designed as a sparse matrix, which eliminates the constraint 2 in part III-A.
Additionally, we also compare the performance of our proposed IMF-HP and SiC-IMF-HP algorithms with the schemes in [11] , [19] and the full digital precoding scheme. Fig. 3 provides the achievable rate comparison of different precoding schemes for a 128 × 32 mmWave MIMO system where N s = 1 data streams are transmitted through four RF chains. It shows that our proposed IMF-HP algorithm allows systems to approach the achievable rate of the OMP algorithm in [11] and provides large gains over the method-1 proposed in [19] . The OMP algorithm can achieve the near-optimal performance, however, it is based on FCS that requires a large number of high-resolution phase shifters with high hardware cost and energy consumption. Fig. 4 demonstrates the achievable rate comparison of different precoding schemes for a 128×32 mmWave MIMO system where N s = 2 data streams are transmitted through four RF chains. It shows that our proposed IMF-HP algorithm outperforms the method-1 proposed in [19] . Fig. 4 indicates, however, that the proposed IMF-HP algorithm is still within a small gap from achievable rates of the OMP algorithm in [11] and the full digital precoding algorithm. Fig. 5 compares the performance of different precoding schemes for a 128 × 32 mmWave MIMO system where N s = 4 data streams are transmitted through four RF chains. It is clear from Fig. 5 that the proposed SiC-IMF-HP algorithm achieves better performance than the two schemes proposed in [19] based on PCS in the case of 4 transmit data streams. However, the performance of the IMF-HP algorithm is lower than that of method-2 proposed in [19] .
V. CONCLUSION
In this paper, we focus on the HP with PCS and propose a family of effective iterative matrix factorization (IMF) algorithms for practical HP designs. We firstly propose an IMF-HP algorithm based on traditional design, which approximates the performance of the fully digital precoder by utilizing an alternate optimization strategy. Then, We present an SiC-IMF-HP algorithm by using a successive interference cancelation technique. The computational complexity of SiC-IMF-HP algorithm is reduced. Simulation results show that the proposed IMF-HP algorithm outperforms other hybrid precoding algorithms based on PCS when the number of data streams is small, and the proposed SiC-IMF-HP algorithm performs better than other hybrid precoding algorithms based on PCS when the number of data streams equals to the number of RF chains. Our future work will focus on designing multi-user millimeter-wave communication systems to achieve good performance by combining our proposed algorithms with techniques to eliminate multi-user interference. In 1984, he joined the 26th Institute of Electronic, Ministry of China, to develop the inertia navigating systems. In 1992, he began his first postdoctoral position at the EMC Laboratory, Beijing University of Posts and Telecommunications (BUPT), Beijing, China. In 1995, he started his second postdoctoral position at the Broadband Mobile Laboratory, Department of System and Computer Engineering, Carleton University, Ottawa, Canada. Since July 1997, he has been a Professor with the Wireless Communication Center, College of Telecommunication Engineering, BUPT, where he is also involved in the development of next-generation cellular systems, wireless LAN, Bluetooth application for data transmission, EMC design strategies for high-speed digital systems, and EMI and EMS measuring sites with low cost and high performance.
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